Dr Patrick J Bennett (The London Chest Hospital)
The Use ofWarmed Blood for Transfusion In 1964 Dybkjaer & Elkjer in Denmark, in a retrospective series, reported 13 cases of cardiac arrest occurring with large transfusions; in this country Dinnick (1964) , reporting on 600 deaths associated with anesthesia, discussed 17 cases where death was also associated with massive transfusion. In the same year, in America, Boyan (1964) had reported 21 cases of cardiac arrest out of 36 patients given rapid massive transfusions (i.e. 3-6 litres at 50-100 ml per min).
While other factors may impair cardiac action, hypothermia is important, for the heart is liable to ventricular fibrillation should the temperature drop below 300C. This occurs during massive transfusion, as shown by Boyan & Howland (1961) ; who found aesophageal temperatures as low as 27 5°C, and by Dybkjer & Elkjaer who found rectal temperatures as low as 30°C.
Personal Experience Eight of the deaths reported by Dinnick occurred during operations on the aorta and my own first experience of the dangers of massive transfusion occurred during an operation for an abdominal aneurysm. Heavy bleeding was encountered: the patient received 11 pints (5-2 litres) of blood in three hours without evidence of physiological upset, until the ECG trace changed abruptly, over a few beats, to ventricular fibrillation. This patient subsequently died. Attempts to warm the blood bottles in a sink of warm water were madean inefficient and potentially dangerous method. In retrospect, a number of factors associated with the transfusion seemed responsible for this patient's death but hypothermia of the heart played an important and avoidable role.
This case, together with the cases reported in the literature, led to the avoidance of further large transfusions of cold blood. Even so, there were dramatic falls in temperature, as measured in the cesophagus behind the heart which may be cooled selectively with the accompanying danger of ventricular fibrillation. Normally, during the course of routine major operations, patients often show a drop of 1-2°C, which does not increase even with long operations, although rapid transfusion may show a further temporary drop. However, in the presence of a low cardiac output, cold blood has a greater effect.
Case Report A patient aged 61 had an abdominoperineal resection of colon for carcinoma. She had chronic lymphatic leukemia and was mildly anemic (Hb 10 g/100 ml), but was otherwise quite fit. Heavy blood loss was corrected with cold blood at a stage when the blood pressure was already beginning to fall. Four pints (2 litres) were given -3 pints in 15 minutes. Fig I  shows how the blood pressure and the temperature measured behind the heart fell together, the latter to 32 6°C. This is a dramatic fall in view of the size of the transfusion. Had the transfusion continued at that rate the heart would soon have been at 30°C perhaps with as small a total as 6 pints. Two other patients have shown similar, though somewhat smaller, falls of temperature when a fall in blood pressure was accompanied by the rapid transfusion of cold blood.
Although the dangers of massive transfusion of cold blood are well reported, it would seem that patients with restricted cardiac output may be at special risk with smaller transfusions. To avoid the dangers of cold blood an apparatus was designed in association with Mr F Alladine, senior heart-lung by-pass technician. The method is to pass the blood through a sterile 20 ft (6 m) disposable plastic coil immersed in a water bath maintained at 38°C by a thermostatically controlled heater. We have described the apparatus, the 'Seeco H.Tmogard', elsewhere (Bennett & Alladine 1967); it was designed to be available commercially for, although the principles have been described by Knight (1962) in this country, by Boyan (1964) in America and by Dybkjer & Elkjaer (1964) in Denmark, such apparatus was either very expensive or else not available commercially to us. We have found no hazards in its use and, moreover, transfusions of up to 11 pints (5-2 litres) of blood have been accompanied by temperature falls of only 1°C.
Potential Dangers
An important consideration was whether warming blood contributed any additional dangers. The apparatus described was therefore investigated with this in mind. Infection: Bank blood potentially contains pathogens (Braude et al. 1952 ) which might reproduce with warming. This is unlikely to be of real danger until the organism enters the rapid stage of reproduction, after about two hours. To hold a sample of blood for a period of two hours in a coil containing only 60 ml represents an excessively slow transfusion rate. However, it does reinforce the suggestion that blood should not be warmed unnecessarily and makes warming blood in the tubing, rather than in the bottle, more attractive.
Toxic chemicals: The coil of extension tubing is made of PVC of a medically approved grade common to most British giving sets. Substances used as plasticizers and stabilizers in the manufacture of this tubing are potentially harmful and the possibility that they might be eluted by warm blood was considered. The plasticizer used is di-octyl phthalate and the stabilizer is epoxidized soya-bean oil. In addition to chemical tests, pyrogen tests are made routinely by the manufacturers on rabbits, using extracts obtained from the tubing at room temperature. Toxicity tests are also made on mice, using extracts obtained at 85°C. These tests are made according to a British Standard (BS 2463 (BS , 1962 . Although there is no evidence of extraction of toxic material upon heating, we have checked the elution of pyrogenic material with extracts made at 38°C, using rabbits as in BS 2463. The mean rise in 3 animals was 0-14°C, and this is a very satisfactory result compared to the standard, indicating no elution of pyrogens on warming. Hawmolysis: Heating blood to 50°C results in complete hemolysis. To check that warming blood in the coils did not produce significant hemolysis, samples of 21-day-old blood from three separate bottles were warmed in three separate coils using the apparatus described. Specimens were then withdrawn at fifteen-minute intervals for two hours while the blood was warmed to 38°C. These were then analysed for free hemoglobin: the maximum rise of free haemoglobin occurred in one sample after two hours of warming, a value of 6 5 mg/100 ml; this rise should be viewed against the appropriate control level of 30 mg/100 ml. It seems unlikely, therefore, that warming in the coil produces significant damage to red cells. Potassium: The rise in serum potassium was measured in the same way as the rise in free htmoglobin. In three samples of 21-day-old blood warmed for two hours, the potassium level rose steadily, the maximum being 14-2 mg/100 ml after two hours, compared to 13-3 mg/100 nil in the cold blood. This rise appears to be clinically acceptable and, moreover, does not suggest damage to the red cells.
Red Cell Survival in vivo
Red cell survival following transfusion was also investigated. The method chosen was to label some of the transfused cells in a bottle with 51Cr and to follow the loss of cells from the circulation over the next month by measuring samples withdrawn from the patient for radioactivity.
The short-term survival was followed in a preliminary study in 4 patients, all given one pint of blood 11-15 days old in about half an hour, all Section ofAnwsthetics 689 operated on for bronchial neoplasm. Two received warmed blood, one received unwarmed blood through a coil, the last received an ordinary transfusion. All showed the expected fall of circulating labelled cells in the first two days, due to the 'storage lesion' suffered by stored blood. A proper evaluation must await further work, but it is possible to exclude any severe exaggeration of the storage lesion by warming; minor degrees of change in either direction cannot be excluded.
Dr James Stewart, Reader in Hxematology at the Middlesex Hospital, has kindly given me permission to publish results of his own work on the long-term survival of warmed blood, using the Danish 'Heto' apparatus and a similar coil. Three patients were given stored blood and the average half-life found to be 24 days, compared to a normal average of 26 days in the same laboratory. Thus the long-term survival also appears to be unaffected by warming.
Conclusion
There is strong evidence that cold blood may produce dangerously low temperatures; this is especially true if the cardiac output is low. Clinical experience and the results presented, using the type of apparatus described, indicate that warming blood is a safe and beneficial procedure.
Dr I P Slee (St George's Hospital, London) said that he and Dr B Philpott had investigated a blood-warming system which was inexpensive and comprised a thermostatic electrically-heated water bath made by Grant Laboratories of Cambridge used in conjunction with a Baxter Plexitron coil heat-exchange unit, through which blood passed on its way from the bottle to the patient.
Originally, they had thought they could design, produce, develop and market a device which included all the features for safe clinical use. They had concluded that this would be too expensive, for they considered that blood warming should be used only for cases which required massive trans-fusion relative to body weight, or for other clinical indications such as patients suffering from cold agglutinins in the blood. They found that the Grant Laboratories water bath, costing only £12 lOs Od, had many of the desired features and had been in production for five years. Additional safety features could be added at a small extra cost. The only difficulty was that it could not be made explosion proof when explosive gases were used; however, an explosion-proof bath was being developed but would cost more.
The Baxter Plexitron coil had been chosen because: (1) It was manufactured by a corporation familiar with the problems associated with medical plastics; the coil was produced in the USA where a close watch was kept on toxic substances. (2) It was shorter and had a much better heat-transfer rate than ordinary drip tubing and other coils studied.
The water bath maintained the temperature evenly to within a degree of the desired temperature without stirring and the heat-exchange properties of the Baxter coil were satisfactory when placed in a bath not exceeding 40°C; 500 ml blood was raised from a temperature of 40C to 34*10C in five minutes. For very rapid transfusions, e.g. 500 ml in under two minutes, two coils in series were required and the temperature of the blood could then be raised from 4°C to 35-70C.
Dr P J Horsey (Southampton General Hospital) said that the speakers had been considering massive transfusion only in the context of elective surgery. When extensive muscle injuries were associated with massive transfusion hyperkalkmia was a very real danger. Calcium was the physiological antagonist of potassium and should always be given in such cases.
Dr J C Ainley-Walker (Isle of Thanet District Hospital, Margate) asked for details of the type of manometer used, the position of choice for the intravenous cannula and how one could be sure that there was clear communication between the central veins and the manometer.
He said that a simple scheme, which could be easily used anywhere, was to incorporate a threeway tap, with a good length of fairly wide-bore polythene tubing attached to its side limb, between a drip infusion (saline or blood) and the intravenous cannula in a forearm vein. Turning the tap to the appropriate position permitted (1) the infusion to run into the vein in the usual way, (2) the fluid to run up the manometer tubing and establish a head of pressure, or (3) the solution in the manometer tubing to run into the vein and indicate the central venous pressure as the point at which the fluid level came to rest.
Dr 0 P Dinnick (The Middlesex Hospital, London) said that any definition of massive blood transfusion should include a reference to the patient's weightor preferably to the predicted normal blood volumeas well as to time. He suggested that any transfusion equal to half the patient's blood volume in less than an hour qualified for the description 'massive' (Stewart 1962) . While he was in favour of administering intravenous calcium in these circumstances, for the reasons given by Dr Burton and Dr Horsey, he pointed out that calcium could produce a rise in blood pressure in patients who had lost no blood. The President asked Dr Slee if he had considered building in an audible alarm in addition to the other safety devices.
Dr Slee, in reply, said that an alarm had been considered but had been rejected as it might disturb the surgeon. However, the fingers could be trained to detect the required temperature and monitoring the water temperature from time to time in this way was recommended in addition to observing a thermometer in the bath.
Dr D D C Howat (St George's Hospital, London) said that he was interested in Dr Burton's evidence of metabolic alkalosis after profound hypothermia, which he presumed was associated with a period of circulatory arrest. He had evidence that this could be very marked even if bicarbonate was given to correct suspected hypoxia at relatively normal temperatures but this was not evident until the patient had fully re-warmed.
Dr Bennett had mentioned that small transfusions might cause dramatic falls of temperature in the cesophagus in the presence of cardiovascular collapse; this was common in the transfusion of patients not fully re-warmed after profound hypothermia and he suggested that this might be associated with cooling of the periphery due to vasoconstriction.
Dr Burton, in reply to Dr Ainley-Walker: Type of manometer system: When using a saline manometer one should be able to flush the line continuously and read the venous pressure at the same time. It was therefore preferable to use a Y-piece, rather than a 3-way tap. Such a set, in a pre-sterilized pack, was marketed by Baxter. Alternatively, it was easier to measure the pressure with a Condon rat manometer (C F Palmer) held by a retort clamp, which could be fixed to a drip stand at any desired height. This type of manometer could be connected into an intravenous drip by interrupting the line with a sterile nylon Y-piece (Portland Plastics). Position of choice for the intravenous cannula: Gauer & Sieker (1956, Circulat. Res. 4, 74) had shown that, provided the intravascular column of blood consisted of an uninterrupted wide channel, fluctuations in peripheral venous pressure accurately followed those in the vene cavx. Since this could not always be relied upon, Dr Burton preferred to use a cannula which passed to a central vein, preferably the superior vena cava. He preferred to use an arm vein, rather than a jugular, because this avoided the formation of haematomata in the neck (especially if the patient was heparinized or if there was much movement of the head post-operatively). Clear communication could be established by: (1) Observation of the normal amplitude and pattern of pulsation in the manometer. (2) A free flow from the flushing drip, with the manometer temporarily clamped off.
In reply to Dr Dinnick, Dr Burton said that under normal conditions, administration of calcium gluconate did not usually significantly affect the arterial pressure. However, if the pressure had been depressed (e.g. by citrate) calcium usually raised it. If there had been excessive catecholamine release (e.g. after a cardiac arrest) calcium could produce ventricular fibrillation and fall in pressure.
In reply to Dr Howat he said that, during the period of hypothermia, they had always found a metabolic acidosis, principally caused by the raised citrate level. After rewarming, the patients developed a metabolic alkalosis due to the release of sodium ions accompanying the metabolism of citrate (as explained in the text). This occurred whether there had been a period of circulatory arrest or continuous cold perfusion. This alkalosis could, of course, be accentuated by giving bicarbonate.
Dr Bennett, in reply to Dr Howat, said that in his own experience one hypothermic patient had exhibited ventricular fibrillation after a small transfusion of three units of cold blood, and two other cases were known to him. The simple explanation which suggested itself was that a drop of, say 3°C, was readily sustained from a normothermic level, but not from a hypothermic one. Thus a small transfusion might well be disastrous at hypothermic levels even without taking into account other coexisting factors such as peripheral vasoconstriction and low cardiac output. His own policy has been to give only warmed blood to these patients.
